Intense sunlight is dangerous for photosynthetic organisms. Cyanobacteria, like plants, protect themselves from light-induced stress by dissipating excess absorbed energy as heat. Recently, it was discovered that a soluble orange carotenoid protein, the OCP, is essential for this photoprotective mechanism. Here we show that the OCP is also a member of the family of photoactive proteins; it is a unique example of a photoactive protein containing a carotenoid as the photoresponsive chromophore. Upon illumination with blue-green light, the OCP undergoes a reversible transformation from its dark stable orange form to a red ''active'' form. The red form is essential for the induction of the photoprotective mechanism. The illumination induces structural changes affecting both the carotenoid and the protein. Thus, the OCP is a photoactive protein that senses light intensity and triggers photoprotection.
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cyanobacteria ͉ nonphotochemical quenching ͉ photoprotection ͉ phycobilisome T o maximize the use of sunlight, photosynthetic organisms collect as much light as possible using an antenna made up of pigments attached to special proteins. However, excess light is harmful because it can induce the formation of dangerous oxygen species in the photochemical reaction centers. Under full sunlight conditions, a safety valve must be opened to convert the excess into heat and to reduce the amount of energy funneled to reaction centers. It is well known that in plants carotenoids play an essential role in photoprotective mechanisms within the chlorophyll-membrane antenna of photosystem II (PSII) (1) (2) (3) (4) (5) (6) (7) . In contrast, the mechanism of thermal energy dissipation in cyanobacteria, which plays a key role in global carbon cycling, remained elusive. Only within the last few years has a photoprotective mechanism associated with the soluble phycobilisome antenna of PSII in cyanobacteria been demonstrated (8) (9) (10) (11) (12) (13) (14) . A specific soluble carotenoid protein, the orange carotenoid protein (OCP), plays an essential role in this process (9, 10) . In its absence, thermal dissipation is abolished, rendering the cells more sensitive to high light intensities; this is manifested as a faster decrease in PSII activity in a mutant lacking the OCP (9) . Surprisingly, the role of the carotenoid in the OCP is completely different from the role of the photoprotective carotenoids in plants. The OCP appears to act as a photoreceptor, responding to blue-green light; this induces energy dissipation, resulting in a detectable quenching of the cellular fluorescence, known as nonphotochemical-quenching (NPQ), through interaction with the phycobilisome (9, 11) . In mutants containing the OCP but lacking phycobilisomes, blue-green light was unable to induce the photoprotective mechanism (9, 10) .
The OCP, a 35 kDa protein that contains a single noncovalently bound carotenoid (15) (16) (17) (18) , is the product of the slr1963 gene in Synechocystis PCC 6803 (16) . Highly conserved homologs of the OCP are found in most of the cyanobacterial genomes. The structure of the Arthrospira maxima OCP has been determined to 2.1 Å resolution (19) . It consists of two domains: a unique ␣-helical N-terminal domain and a mixed ␣-helical/␤-sheet C-terminal domain. The embedded keto carotenoid, 3Ј-hydroxyechinenone (hECN), composed of a conjugated carbonyl group located at the terminus of a conjugated chain of 11 carbon-carbon double bonds in an all-trans configuration. The carotenoid spans both protein domains with its keto terminus nestled within the C-terminal mixed ␣/␤ domain. Absolutely conserved Tyr-44 and Trp-110 make hydrophobic contacts with the hydroxyl terminal end of the carotenoid, whereas two other absolutely conserved residues, Tyr-203 and Trp-290, form hydrogen bonds to the carbonyl moiety at the keto terminus of the pigment (19) (refer also to Fig. 3A) .
Results
To isolate the OCP, C-terminal His-tagged OCP mutants were constructed in Synechocystis PCC 6803, using kanamycin or spectinomycin resistance for mutant selection [supporting information (SI) Figs. S1 and S2]. In the WT and the kanamycin resistant mutant, blue-green light induced similar fluorescence quenching, indicating that the presence of the His-tag did not affect the activity of the OCP. In the spectinomycin resistant mutant, the fluorescence quenching was slightly decreased relative to the WT ( Fig. 1 A) ; this correlates with a lower concentration of the OCP in this mutant (probably because of a destabilization of the mRNA) (Fig. 1B) . In addition, a mutant was constructed in which the slr1963 gene containing a Cterminal His-tag was expressed using the psbA2 promoter region as the promoter. In this strain, large quantities of the OCP were present (see Fig. 1B ) and a very large fluorescence quenching was observed (see Fig. 1 A) , confirming the relationship between OCP concentration and excitation energy quenching. The OCP was isolated using affinity Ni-chromatography followed by an ion-exchange column (Fig. S3) . The absorption spectrum of the His-tagged OCP isolated from Synechocystis 6803 is essentially identical to that of A. maxima (compare Fig. 2B dark form with the spectrum in Fig. 2 in ref. 20) . As in the latter strain, it mainly binds hECN (Fig. S4) .
In darkness or dim light the OCP appears orange (OCP o ) and its absorption spectrum presents a typical carotenoid shape, reflecting the strongly allowed S 0 -S 2 transition with three distinct vibrational bands; the 0-0 vibrational peak is located at 496 nm (see Fig. 2 A and B) . The position and shape of this transition corresponds to that of hECN locked into an all-trans conformation by the surrounding protein (20) , in agreement with the crystallographic structure (19) . Strikingly, upon illumination with blue-green light (400-550 nm) at 10°C, the OCP o is completely photoconverted to a red form, OCP r . The red-shifted spectrum of OCP r with a maximum at 500 nm loses the resolution of the vibrational bands (see Fig. 2 A and B) . To elucidate whether the conversion of the OCP o to OCP r occurs in whole cells under NPQ-inducing conditions, absorbance spectra of whole cells of the overexpressing OCP strain and the ⌬OCP strain, lacking the OCP (9), were measured before and after illumination with high intensities of blue light at 11°C and the light-minus-dark difference spectra calculated. Our results strongly suggested that OCP r is accumulated in vivo under the conditions inducing energy dissipation and fluorescence quenching (Fig. 1C) .
In darkness, OCP r spontaneously reverts to the orange form (Fig. 2C ). This step is not accelerated by illumination (Fig. S5) . The back-reaction kinetics (red to orange) shows a large temperature dependence, the half-time of recovery varying from 30 sec at 32°C to Ϸ45 min at 11°C. In vivo, the recovery NPQ kinetics also show a large temperature dependence; however, the kinetics are slower (8, 9, 14) than the OCP r to OCP o dark conversion, suggesting that the OCP r form is more stable in vivo than in vitro or that the fluorescence quenching remains longer than the OCP r form. In contrast, the initial rate of the light photoconversion was temperature-independent (Fig. 2D) . Thus, at a fixed light intensity, the steady-state concentration of OCP r depended on the temperature. This is reflected in vivo, where a larger NPQ was observed at 7°C than at 33°C (Fig. S6 ). The kinetics of OCP r formation strongly depended on light intensity (Fig. 2E ). This correlates with the observed dependency on light intensity of the blue-light induced NPQ in whole cells (9) .
Collectively, these results strongly suggested that OCP r is the active form of the OCP and that pigment-protein interactions are critical to this activity. To confirm this, a C-terminal His-tagged W110S-OCP mutant and an overexpressing C-terminal His-tagged W110S OCP mutant were constructed and characterized. High intensities of blue-green light induced no fluorescence quenching in the mutant (Fig. 3B ), indicating that Trp-110 is critical to the OCPs photoprotective function. This was substantiated by construction of an overexpressing W110S-OCP mutant in which very little quenching was induced, although large quantities of OCP were present (see Fig. 3 B and C). The absorbance spectrum of the isolated mutated OCP was similar to that of the WT OCP (Fig. 3D) . Moreover, each isolated mutant OCP contains a carotenoid molecule as judged by comparison to WT OCP (similar A 467 /A 280 ratio, data not shown). High intensities of blue-green light converted only a very small portion of the OCP o to OCP r , even after 15 min of illumination at 10°C (see Fig. 3D ). Thus, there is a direct correlation between the accumulation of OCP r and the induction of the fluorescence quenching.
Resonance Raman spectroscopy was used to observe lightinduced structural changes of the hECN. The Raman spectra of the OCP o from A. maxima and Synechocystis PCC 6803 are nearly identical, indicating that the carotenoid-peptide interactions in these two proteins are remarkably homologous (Fig. 4A) . Thus, the X-ray structure from the former strain may be used as a model for the OCP of the latter. This has been confirmed by the determination of the 1.65 Å structure of the Synechocystis PCC6803 OCP (C.A.K., unpublished results). Before illumination, the resonance Raman spectra of OCP-bound hECN shows that this carotenoid is in an all-trans conformation, in good agreement with the X-ray structure (19) . The relatively high intensity of the bands in the 4 region, however, indicates that this conformation is not planar, but highly distorted around the C-C bonds (21) . Upon illumination the position of C ϭ C stretching mode shifts from 1,528 cm Ϫ1 to 1,521 cm Ϫ1 , indicating that the apparent conjugation length of hECN increased by about one conjugated bond (22) , in agreement with the observed red-shift (see Fig. 4A ). Trans-cis isomerisation of hECN should shift down the position of this band, and should result in the appearance of new bands in the spectra because of the change in the molecular symmetry. As this is not observed, we can conclude that hECN is still all-trans in its red form. Of course, we cannot formally discard presence of end chain isomerisation (such as 7-cis), whose effect on the Raman spectra (and on the electronic absorption spectra) is limited. The decrease of intensity of the 950 cm Ϫ1 indicates that upon photoconversion, hECN reaches a less distorted, more planar structure (22) . Similar differences were observed using the OCP from A. maxima (data not shown). Further studies will be necessary to elucidate the specific nature of the changes in the carotenoid.
Light-induced Fourier transform infrared (FTIR) difference spectroscopy was applied to probe the light-induced structural changes in the protein of the OCP. Upon illumination, large changes in the OCP FTIR spectra can be observed Ϸ1,650 and 1550 cm Ϫ1 , where the Amide I and Amide II protein modes are expected to contribute. In the light-minus-dark FTIR spectra, these protein contributions, with specific frequencies for each type of protein secondary structure (loops, ␣-helix, and ␤-sheet) (23), may be formally attributed to the protein modes on the basis of their sensitivity to D 2 O exchange (hECN molecules contain only one, nonconjugated, exchangeable proton) (Fig.  4B) . The differential signal at 1,677(Ϫ)/1,697(ϩ) cm Ϫ1 is assigned to portions of the protein without secondary structure: that is, the loops. The ␣-helix and ␤-sheet carbonyl region shows an intense and broad negative band centered at 1,643 cm Ϫ1 , which has a corresponding induced absorption at 1,663(ϩ) and 1,618(ϩ)cm Ϫ1 assigned to ␣-helix and ␤-sheet, respectively. Light-induced Amide I changes in the OCP are large, suggesting a major rearrangement of the protein backbone. An up-shift of the Amide I vibrations of ␣-helix corresponds to a weakening of the NH Ϫ C ϭ O hydrogen bonds that connect the turns, indicating a less rigid helical structure in a significant part of OCP upon formation of the red form. A down-shift of the Amide I vibrations of ␤-sheet corresponds to a shortening (ie, a strengthening) of the NH Ϫ C ϭ O H-bonds between the ␤ strands, resulting in a compaction of the ␤-sheet domain upon formation of the red form. The Amide I frequency-shift pattern observed here for OCP is strikingly similar to that observed in the LOV2 domain of phototropin, a flavin-binding blue-light photoreceptor (24).
Ultrafast spectroscopy was applied to examine the primary photochemistry of the OCP and the efficiency of product formation. Fig. 5A shows the result of a global analysis of the time-resolved data. Four kinetic components are required for an adequate fit. The 100-fs component corresponds to internal conversion of the initially excited, optically allowed, S 2 state of the carotenoid to the low-lying, optically forbidden S 1 state coupled to an intramolecular charge-transfer (ICT) state. The 1-ps and 4.5-ps components correspond to decay of the S 1 and ICT states, respectively (20) . After decay of the hECN excited states on a ps timescale, a photoproduct remains at very low amplitude (Fig. 5B) . The spectral signature of this product species is similar to that of the light-minus-dark spectrum of the OCP (see Fig. 5A ). However, the primary product is slightly red-shifted with respect to that of the light-minus-dark, indicating that these states may be similar but not identical and that relaxation takes place on timescales longer than nanoseconds. The amplitude of the product state at 565 nm is only 1% of that of the original carotenoid bleach near 475 nm immediately after excitation (see Fig. 5A ), consistent with the assumption that the OCP is a low quantum-yield photoactive protein.
Discussion
Previously, we demonstrated that the OCP is specifically involved in a photoprotective phycobilisome-associated NPQ mechanism (9) . Here, we show that the OCP is a photoactive protein sensing light intensity. Light induces the conversion between a dark stable orange form (OCP o ) and a metastable stable red form (OCP r ). The accumulation of the OCP r is essential for the induction of the photoprotective mechanism. The OCP r is present in whole cells under illuminations inducing the NPQ mechanism. Moreover, high intensities of blue-green light induced almost no fluorescence quenching in an OCP mutant in which the OCP photoconvertion was nearly abolished. The OCP o to OCP r conversion occurs with a very low quantum yield (Ϸ0.03); this is likely to be because the OCP protein is involved in a photoprotective process that must be induced only under high light conditions. Moreover, the ratio of the two forms under illumination depends on light intensity and temperature: more red active OCP r at high light intensities and low temperatures. This provides a mechanism for the protein to sense photoinhibitory conditions: high light and light plus cold. Indeed, in vivo, greater fluorescence quenching is induced by increasing the light intensity and by lowering the temperature.
Retinal, a carotenoid derivative, is the chromophore of rhodopsins, a family of photoactive membrane-embedded proteins that are used throughout the animal and microbial kingdom as light receptors (25) . Because retinal and hECN share structural similarities, it is worth considering whether OCP photoactivation could be similar to that of rhodopsin. However, our results suggest a completely different mechanism. Retinal is covalently bound to the protein by a protonated Schiff-base linkage to a Lys residue. The hECN in the OCP is close to an absolutely conserved Arg, but there is no covalent bond (19) . Light induces an isomerisation of the retinal initiating the photocycle involving proton transfer between the Schiff-base and a carboxylate residue of the rhodopsin. In the OCP, no isomerisation was detected. Thus, although the specific changes in the carotenoid of OCP remain to be elucidated, they are clearly different from those occurring in retinal.
Light-driven structural changes in the carotenoid correlate with the protein conformational changes observed by FTIR; the structural rearrangement in the OCP may be a precondition for interaction with the phycobilisome or other proteins. Collectively, our data suggest a mechanism analogous to that of other blue-light responsive proteins, such as PYP and LOV domaincontaining proteins. In each of these, blue light causes changes in the chromophore that induces disruption of hydrogen bonding networks and large conformational changes in the protein required for the light-responsive function (26, 27) . By analogy, we posit that the absorption of blue light by the OCP alters the strength of one or both of the hydrogen bonds between the carotenoid and the protein. The resulting conformational changes in the protein could render the carotenoid more accessible and form a signal propagation pathway from the carotenoid to the surface of the OCP.
The C-terminal domain of the OCP (between residues 196 to 296) is structurally similar to the 7.8 kDa core linker protein (Noam Adir, personal communication; Fig. 6A ), although lacking significant sequence homology. The linker protein consisting of a three-stranded ␤-sheet and one ␣-helix was cocrystallized with allophycocyanin (APC) trimers that constitute part of the core of the phycobilisome (28) . The structure revealed that the linker protein is bound within the central aperture of the APC trimer and directly interacts with the ␤84 chromophores of two APC subunits. Therefore, we hypothesize that the C-terminal OCP domain, by interacting with the center of an APC trimer, may bring the carotenoid into proximity of the APC chromophores. In addition, the Trp-290 and Tyr-203 residues, which interact with the carbonyl of the carotenoid, belong to the central strand of the ␤-sheet and to the ␣-helix of the C-terminal domain, respectively (Fig. 6B) . Modifications in this domain caused by light-induced carotenoid changes could then possibly regulate the interaction between the carotenoid and the APC chromophores Carotenoid molecules are able to quench excitation energy from tetrapyrrole molecules in vitro through energy transfer to their optically forbidden S 1 state, coupled to an intramolecular charge-transfer state (29) . It was recently proposed that this mechanism is at the origin of the NPQ process in higher plants (7) . Hydroxyechinenone, which contains a conjugated carbonyl group, clearly exhibits such an intramolecular charge transfer state (20) . Therefore, we hypothesize that the OCP is not only the sensor of light but also the fluorescence quencher. Absorption of light by the hECN induces conformational changes of the carotenoid, shifting the absorption spectra toward the red region of the visible spectrum. The red shift is likely necessary to tune the optically forbidden S 1 state of hECN to a position to allow the energy transfer from the phycobilisome to the OCP. This mechanism is reminiscent of the gear-shift mechanism proposed to explain the role of zeaxanthin in higher plant NPQ (30) . Possibly, an increase of charge-transfer character of the hECN excited states upon formation of OCP r plays a role as well.
Although the molecular mechanism of the orange to red conversion and the exact role of the OCP in the cyanobacterial photoprotective mechanism await elucidation, our results suggest several mechanistic hypotheses that open an unexplored frontier in research on the functions of carotenoids: this is a unique report of a carotenoid protein functioning as a photoactive protein sensing light intensity.
Materials and Methods
His-Tagged Strains Construction. The Synechocystis PCC 6803 genome region containing the slr1963 and slr1964 genes was cloned. Then, the slr1964 gene was interrupted by a kanamycin-resistance or a spectinomycin-resistance cassette and nucleotides encoding for 6 His were added in the slr1963 gene. Synechocystis 6803 WT cells were transformed by these plasmids (see Fig. S2 A) . To obtain a strain overexpressing the OCP, the genome region containing the slr1963 and slr1964 genes was cloned in the pPSBA2 ampicillin-resistant vector (31) . Nucleotides encoding for 6 His were added in the 3 Ј side of the slr1963 gene and a 1.3-kb kanamycin resistance gene was inserted. The plasmid obtained was used to transform the WT and the Cter6HSp/Sm mutant (see Fig.  S2B ). The point mutation (W to S) was added in the slr1963 gene in the normally-expressing and overexpressing plasmids by site-directed mutagenesis. More details can be found in SI Materials and Methods.
Purification of the Orange Carotenoid Protein. In this study, we used OCP isolated from the Km-resistant and Sp-resistant His-tagged OCP mutants. His-tagged OCP mutant cells (1-mg chl.ml Ϫ1 ) in 0.1-M Tris⅐HCl pH ϭ 8 buffer were broken in mild light using a French Press. The membranes were pelleted and the supernatant was loaded on a column of Ni-ProBond resin. The OCP was further purified on a Whatman DE-52 cellulose column. To quantify the OCP present in the different strains, membrane-phycobilisome fractions were isolated (10) and were analyzed by SDS page on 12%/2M urea in a Tris/Mes system (32) . The OCP was detected by a polyclonal antibody against OCP (10). Carotenoids were extracted as previously described (20) and separated by HPLC. Mass analysis was realized. More details can be found in SI Materials and Methods. Spectroscopy Measurements. The kinetics of fluorescence changes were monitored in a modulated fluorometer (PAM) as previously described (8) .
Transient absorption spectroscopy used 475-nm 50-fs laser pulses at 1 kHerz and energy per pulse of Ϸ200 nj. The data were subjected to global and target analysis (33) (see also SI Materials and Methods).
FTIR samples of the OCP in H2O and D2O were made with Ϸ2 l of 5-mM OCP spread between two tightly fixed CaF2 windows without any spacer. Lightminus-dark spectra were recorded using an FTIR spectrometer (IFS 66s Bruker) equipped with a nitrogen cooled photovoltaic mercury-cadmium-telluride detector (20 MHz, KV 100, Kolmar Technologies). A blue LED emitting at 470 nm was used for photoconversion.
Resonance Raman spectra, in resonance with the carotenoid electronic transitions, were recorded with a Jobin Yvon U1000 spectrometer equipped with liquid-nitrogen-cooled controlled-drift detector (Spectrum One, JobinYvon). A coherent Argon laser (Innova 100) was used for excitation at 496.5 nm (OCP o ) or 528 nm (OCP r ). During spectral measurements, the temperature of the sample was maintained at 10 K to avoid photoconversion of OCP o into OCP r or relaxation of OCP r into OCP o . The dark form of OCP was flash frozen in a liquid nitrogen bath.
